Nature frequently utilizes opposing factors to create a stable activator gradient to robustly control pattern formation. This study employs a biomimicry approach, by delivery of both angiogenic and antiangiogenic factors from spatially restricted zones of a synthetic polymer to achieve temporally stable and spatially restricted angiogenic zones in vivo. The simultaneous release of the two spatially separated agents leads to a spatially sharp angiogenic region that is sustained over 3 wk. Further, the contradictory action of the two agents leads to a stable level of proangiogenic stimulation in this region, in spite of significant variations in the individual release rates over time. The resulting spatially restrictive and temporally sustained profiles of active signaling allow the creation of a spatially heterogeneous and functional vasculature.
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controlled drug delivery | peripheral ischemia | VEGF antibody | diffusion reaction | Turing pattern S trategies leading to the creation of organized and functional networks of blood vessels are likely to have significant utility in the treatment of ischemic diseases and the engineering of high-dimensional tissues (1, 2) . Numerous molecular players are involved in different mechanisms of vascular growth (3, 4) , and VEGF, in particular, plays a prominent role in activating endothelial cells to form new vessels (5) . To date, much of the effort in therapeutic angiogenesis has been focused on the delivery of VEGF to restore blood perfusion (6, 7) . However, formation of truly functional vasculature will likely require control over the location and magnitude of the angiogenic region. Undirected vessel growth can result in pathological effects (8) , and improperly organized vascular networks resulting from this overstimulation can reduce perfusion (9, 10) . This may be particularly problematic with angiogenic delivery approaches currently utilized, as systemic delivery leads to supraphysiologic concentrations, and even polymeric sustained delivery systems frequently demonstrate an early burst release that leads to oversaturated local VEGF concentration in situ (11) . Importantly, although clearly documented with VEGF delivery, this issue permeates all current approaches to locally manipulate regenerative processes via exogenous factor delivery.
During developmental processes, tight spatial regulation often results from the combined action of stimulatory and inhibitory factors (12, 13) . Diffusion/reaction of stimulatory factors alone results in formation of shallow gradients that make cellular discrimination of spatial cues difficult; in contrast, it has long been appreciated that sharp cutoffs can result from Turing's reaction-diffusion mechanism, where an inhibitor and activator act together to form distinct patterns (14, 15) . In such reaction schemes, the reactions of morphogens and their diffusion through a tissue are adequate in describing morphogenesis and creating sharp boundaries in patterns. This concept has been exploited previously in vitro to control differentiation of PC12 cells (16) . Aside from that work, the focus to date on delivery of stimulatory factors alone to promote regeneration has largely ignored this fundamental principle of developmental biology.
This study was based on the hypothesis that clear demarcation of stimulatory zones for regeneration can be achieved via appropriate codelivery of stimulatory and inhibitory factors. This hypothesis was examined in the context of VEGF-driven angiogenesis, using delivery of both recombinant human VEGF and an angiogenic inhibitor, anti-VEGF antibody (anti-VEGF) (17) , and utilizing a biodegradable polymer scaffold system to allow local and sustained release of the two factors. The ability of this approach to spatially regulate angiogenesis was examined in a model of hind-limb ischemia (18) , due to its relevance to clinical situations requiring revascularization interventions.
Materials and Methods
Cell Culture and in Vitro Sprouting Assay. Dermal human vascular endothelial cells were seeded onto microcarrier beads and subsequently embedded in fibrin gels. Detailed protocols are included in SI Text. Gels were incubated at 37°C for 30 min, and media of experimental conditions were placed on top of the gel. Experimental media were prepared by adding appropriate concentrations of VEGF and anti-VEGF to EGM-2MV without the growth factor supplements, but with the addition of 10 ng∕mL hepatocyte growth factor for all conditions. After 4 d, the gels were fixed with 4% paraformaldehyde. Subsequent to fixing, samples were stained with DAPI and visualized at 10× objective magnification with an Olympus IX2 microscope. Sprouts were identified as continuous multicellular structures extended from the microcarrier beads with a minimum of two cells in the structure.
Scaffold Fabrication. An 85∶15, 120-kD copolymer of D,L-lactide and glycolide (PLG) (Alkermes) was used in a gas-foaming process to form macroporous PLG matrix scaffolds (19) . All scaffolds were cylinders 4.2 mm in diameter and 3 mm in thickness. Detailed protocol for constructing scaffolds is included in SI Text. Four types of scaffolds were fabricated: (i) blank scaffolds without protein incorporation (B), (ii) scaffolds with 4 μg of VEGF (V), (iii) 3-layered scaffolds with a 1-mm central layer containing 4 μg of VEGF and two surrounding 1-mm layers without protein incorporation (BVB for Blank-VEGF-Blank), and (iv) three-layered scaffolds with a 1-mm central layer containing 4 μg of VEGF and two surrounding 1-mm layers each incorporating 20 μg of anti-VEGF (R&D Systems AB-293-NA) (AVA for anti-VEGF-VEGFanti-VEGF).
Quantification of Protein Release Kinetics. The release kinetics of anti-VEGF and VEGF from each layer of the scaffold were determined using 0.11 μCi 125 I-labeled anti-mouse IgG (PerkinElmer) and 0.11 μCi 125 I-labeled human VEGF (PerkinElmer), respectively, as tracers. The tracers were entrapped in scaffolds using an identical process with the remaining bulk quantities consisting of unlabeled anti-VEGF and unlabeled VEGF, respectively. The total radioactivity of each scaffold layer (n ¼ 5) was measured with a WIZARD Automatic Gamma Counter (PerkinElmer) prior to incubation at 37°C in 2 mL of PBS. At specific measurement time points, release solutions were measured using the Gamma counter and the scaffolds were placed in fresh release solutions. The cumulative protein release from the scaffolds at each time point was normalized as a percentage of total protein incorporated.
Mathematical Model. A computational model was generated to depict the concentration profiles of free VEGF, anti-VEGF, and VEGF complexed with anti-VEGF. This model accounted for diffusion, release from scaffolds, binding kinetics, and protein degradation. The governing equations of the VEGF and anti-VEGF concentrations inside the scaffold and underlying muscle were
where c i ¼ concentration c i ðx;y;z;t ¼ 0Þ ¼ 0; ∀i;x;y;z
¼ Degradation rate of free anti-VEGF and VEGFanti-VEGF complex (26, 27) .
The constants were obtained from experimental measurements in other published studies, as referenced beside each constant. In the model, the VEGF-anti-VEGF-body complex was assumed to have no degradation. VEGF and anti-VEGF were modeled to only degrade when not bound together. This should have a negligent impact on the overall dynamics of the system due to the small magnitude of degradation rates compared to k off . The release function inside each layer of the scaffolds was determined by the initially incorporated amount of protein multiplied by the instantaneous release curve. Effective diffusion coefficients and degradation rates were assumed to be time-invariant and spatially uniform. Because the effective diffusion coefficients were experimentally measured, they were assumed to incorporate binding kinetics to the ECM proteins as well as uptake by cells. The system geometry, equation system, and initial conditions were constructed in COMSOL Multiphysics using the 3D coefficient form partial differentiation equation model. The time-dependent system was solved, and the output was exported and analyzed in Matlab.
Mouse Model of Hind-Limb Ischemia and Scaffold Implantation. Scaffolds were implanted in 6-wk-old SCID mice (Taconic) that had undergone unilateral ligation of hind-limb blood vessels to create a severe model of hind-limb ischemia (18) . The SCID model was chosen because it offered a stable loss of perfusion over weeks and the angiogenic effects from inflammation were reduced. Briefly, animals were anesthetized by i.p. injection of a 7∶1 mixture of ketamine and xylazine. Ligation sites were made on the external iliac artery and vein, and on the femoral artery and vein using 5-0 Ethilon (Ethicon). The vessels were severed between the ligation sites. A scaffold was implanted such that its rotational axis was perpendicular to the direction of the severed vessels, with the round edge sitting on top of the muscle. This orientation effectively made each layer parallel to the original femoral artery and vein.
Analysis of Vascularization. Scaffolds and the surrounding muscles from the ischemic hind limbs were retrieved after 1, 2, and 4 wk. Samples were embedded in paraffin and sectioned onto slides, as illustrated in Fig. S1 . Detailed protocols are included in SI Text. Muscle and scaffold sections were stained for CD31. Blood vessel densities, marked by CD31, were manually determined in the entire scaffold and underlying muscle tissues as previously described (1, 18) . Measurements of the blood perfusion in the ischemic and normal limb of the anesthetized animals (n ¼ 5) were performed using laser Doppler perfusion imaging (LDPI; Perimed). To minimize variability due to ambient light, temperature, and individual heart rate, perfusion in the ischemic hind limb was normalized by the perfusion in the normal hind limb of the same animal.
Results
System Development. The relation between VEGF and anti-VEGF concentrations on angiogenesis was first evaluated using a common in vitro sprouting assay, in order to quantitatively determine the appropriate doses of the two factors for subsequent in vivo studies. VEGF induced angiogenic sprouting, an analog to the initial stage of angiogenesis, whereas anti-VEGF reduced the angiogenic effects of VEGF (Fig. S2) , as expected. The dosedependent effects of anti-VEGF at a constant VEGF of 50 ng∕mL were analyzed, and an anti-VEGF concentration 50-fold greater than that of VEGF effectively eliminated the angiogenic effects of VEGF (Fig. S2b) .
To allow local and sustained delivery of VEGF and anti-VEGF, the proteins were incorporated into poly(lactide-co-glycolide) scaffolds that have been commonly utilized in the past for delivery of single stimulatory factors (18) . However, in this situation, three-layer PLG scaffolds were fabricated, and the different proteins were localized into the distinct layers. Protein that was incorporated into each layer of the scaffold remained confined to that layer, as demonstrated previously (20) . Radiolabeled tracers were used to model the release of the two proteins from the scaffolds, and there was a sustained release of the proteins over several weeks (Fig. 1) . Approximately 60% and 75%, respectively, of VEGF and anti-VEGF were released in the first 3 d. Notice that the initial burst release for anti-VEGF was greater than that of VEGF. Over the next 11 d, the release rates varied between 0.5% to 3% per day, and from day 14 to 31, only 1-2% of the proteins were released.
Computational Model of Protein Distribution. In order to design appropriate encapsulated doses of VEGF and anti-VEGF to create spatially defined angiogenic regions, mass transport PDEs of the proteins in the scaffolds and the underlying tissues were simulated. Parameters for the models were obtained from empirical release kinetics and diffusion and degradation coefficients from literature. To validate the model, predictions of the model were compared to experimentally determined VEGF concentration profiles in vivo that were published previously (11) . Predicted concentrations were comparable to the experimental results (see Fig. S3 ).
In the layered AVA scaffolds in this study, an initial amount of 4 μg VEGF was encapsulated in the central layer of the scaffold, and 20 μg anti-VEGF was encapsulated in each of the surrounding layers ( Fig. 2A) . For these scaffolds, the concentration profiles of total VEGF, free VEGF (not bound to anti-VEGF), and free anti-VEGF over time at a tissue cross-section 0.5 mm into the underlying muscle were simulated (Fig. 2 B-D) . These simulations showed a sharp peak for the total VEGF concentration (free VEGF þ VEGF bound to antibody) centered at the central layer and two anti-VEGF peaks on the two sides. However, the diffusion of anti-VEGF into the central layer caused most of the total VEGF to become bound to antibody in the central layer, creating significantly reduced peaks of free VEGF compared to total VEGF (Fig. 2E) . Strikingly, the binding of free VEGF by antibody had a dramatic smoothing effect on the concentration of free VEGF as a function of time. In contrast, the total VEGF concentration started extremely high and then rapidly dropped, due to the changing release rate over time and its simultaneous degradation. These effects were largely doseindependent (Figs. S4 and S5), although the absolute value of the quasi-steady-state free-VEGF concentration was strongly influenced by the VEGF and anti-VEGF doses. From previous in vitro VEGF dosage studies of endothelial sprouting (29) and in vivo measurement of tissue VEGF concentrations (11), the minimum effective VEGF concentration in vivo to induce angiogenesis is ∼5 ng∕mL. As shown by the computational model, utilization of the 4-μg doses led to free-VEGF concentrations that were still above this threshold for a 3-wk time frame. In addition, as a comparison of the profile stability, the standard deviations of the daily peak for total VEGF and free VEGF over 28 d were computed: 558 ng∕mL for total VEGF and 132 ng∕mL for free VEGF. Most of the fluctuations came from the spike in concentrations on day 2 (Fig. 2G) . The concentration peak of active VEGF on day 2 was reduced by 72% by the binding activity of anti-VEGF.
To determine the spatial control over angiogenesis with this approach, the level of angiogenic promotion was expressed as a binary event, defined as angiogenic promotion signal (S), Sðx;y;zÞ
Sðx;y;zÞ ¼ 1 indicated that angiogenesis was promoted at said coordinate and local S ¼ 0 indicated that angiogenesis was inhibited. Plots of S vs. x (Fig. 2H ) demonstrated that angiogenic promotion was restricted with this system in the approximate 1-mm central region, which was defined as the angiogenicpromoting region (APR). This spatial restriction was maintained for 3 wk, demonstrating a highly stable environment, although the APR first broadened then contracted slowly. In the first 19 d, the APR width expanded gradually from 0.84 mm to 1.2 mm, although there is a brief drop to 0.48 mm on day 4. From day 20 to day 28, the APR contracted from 1.2 mm to 0.72 mm. Compared to the sole delivery of VEGF, the codelivery of VEGF and anti-VEGF showed improved ability to constrict the width of APR (Fig. 2H) . In this computational model, 5 ng∕mL was chosen as the minimum threshold for angiogenic promotion, consistent with other groups (30, 31) . The choice of this parameter did not affect the temporal stability of the free-VEGF concentration profiles, though the width of the APR deviated by AE25% with the minimum threshold ranging from 2 ng∕mL to 10 ng∕mL (Fig. S6) . Thus, both temporal stability and spatial restriction of active VEGF were robust to the minimum biologically active threshold. The results of this modeling suggest that highly stable, in terms of both time and space, regions of proangiogenic activity could be readily created by appropriate dosing of VEGF and anti-VEGF. The maintenance of the APR is also robust against changes in the amount of anti-VEGF and VEGF encapsulated initially. When the initial encapsulated mass of anti-VEGF was varied from 80% to 110% of the base level, the width of the APR deviates for less than 25% (Fig. S4) . Similarly, the width of the APR deviated for less than 25% when the degradation rate of anti-VEGF was varied from 80% to 130% (Fig. S5) .
Spatially Regulated Angiogenesis in Vivo. To test the ability of this system to provide spatial control over angiogenesis, scaffolds were subsequently implanted into the ischemic hind limbs of SCID mice. Both the vasculature that formed within the infiltrated scaffold and the vasculature in the muscle underneath the scaffold were analyzed. To this end, four types of scaffolds were examined: (i) B, (ii) V, (iii) AVA, and (iv) BVB. The aforementioned computational model suggested that implanted AVA scaffolds would result in a distinct region that promoted angiogenesis and that this region would be maintained in the first two weeks. This spatially restricted signal was expected to lead to spatially heterogeneous blood vessel densities. At the experimental end point (4 wk), mice were sacrificed and blood vessel densities of the cell-infiltrated scaffolds and underlying muscles were quantified. Delivery of VEGF in all scaffold types (V, BVB, and AVA) resulted in an approximate twofold increase in blood vessel density in the scaffolds (Fig. 3 A and B) . Furthermore, layers "B" in BVB showed a similar level of increase (Fig. 3B) , indicating that the region of angiogenesis promotion was not restricted to the central layer. In contrast, layers "A" in the AVA scaffolds showed a reduction of blood vessel density, to a similar value as the blank condition (Fig. 3B) . Similarly, analysis of the underlying muscle showed that increased blood vessel densities were generated in the muscles underneath a polymer initially encapsulated VEGF, and AVA scaffolds effectively restricted this increase to the muscle directly underneath the central layer (Fig. 4) . Histologic analysis demonstrated no other detectable differences in the surrounding muscular tissues exposed to anti-VEGF antibody, as compared to the blank control conditions (Fig. S7 ). Additional analysis (Fig. S8 ) also demonstrated the development of the spatially restricted angiogenic zone at week 1 and week 2 for both the implanted scaffold and the underlying muscle.
Finally, LDPI was performed in order to assess the effects on functional perfusion by local restriction of angiogenesis (Fig. 5) . In all groups, perfusion decreased immediately subsequent to induction of ischemia. However, implantation of all three types of scaffolds containing VEGF led to significant recovery of perfusion, well above the control (no VEGF delivery), and spatially restricting angiogenesis did not compromise the ability of VEGF delivery to improve regional perfusion. Necrosis in the limbs was also analyzed (Fig. S9) ; the AVA scaffold was demonstrated to lead to moderate prevention of necrosis as compared to the control BVB scaffolds.
Discussion
The results from these studies demonstrated that one can spatially control regenerative processes by simultaneously delivering spatially segregated promoting and inhibitory agents with polymeric scaffolds. More specifically, the simultaneous, but spatially distinct, delivery of anti-VEGF and VEGF reduced the initial burst concentration of active VEGF and maintained the temporal stability of the active VEGF concentration profile. Furthermore, the spatial separation of the encapsulated pro-and antiangiogenic agents resulted in a spatially sharp and restricted angiogenic region, leading to a heterogeneous distribution of vessels in the scaffolds and in underlying muscles.
The in vitro sprouting assay from this study confirmed that the anti-VEGF was functional and inhibited angiogenesis in a Fig. 2 . Results from computational simulation of an AVA implanted scaffold. (A) Orientation of implanted scaffold in a mouse that underwent ischemic hind-limb surgery. The orientation of the scaffold was chosen to create an angiogenic zone directly over the section of the femoral artery that was ligated-with a goal of creating new blood vessels that would bypass the ligated vessel. The spatially restricted APR was designed to limit angiogenesis in other limb regions that presumably would not provide perfusion recovery function. The axes definitions are such that x is perpendicular to the severed femoral artery and vein, y is parallel to the femoral artery and vein, and positive z points away from the underlying muscle. Note that the x-y plane lies tangential to the interface between the scaffold and the underlying muscle, and that the coordinate dose-dependent manner. These findings were consistent with a previously reported ND50 of 4 to 15 times the mass of VEGF (30) . The release profiles of VEGF and its antibody showed that the two agents were released in a sustained manner, albeit with initial bursts as observed in other studies utilizing poly(lactic-coglycolic acid) (32, 33) . By simultaneously delivering anti-VEGF with VEGF in AVA scaffolds, the overly high concentration of VEGF that typically results from the initial burst release was mitigated. Computational simulations accounting for release, diffusion, degradation, and binding dynamics of VEGF and anti-VEGF showed that excessive VEGF was bound by anti-VEGF in this situation. The remaining free VEGF is the only active angiogenic agent delivered. Because release profiles of VEGF and anti-VEGF both exhibit initial bursts, the resulting concentration profile peak of free VEGF in the beginning was drastically reduced. Thus, a temporally stable concentration profile of an active angiogenic agent is achieved with a delivery device that has an inherent initial burst release. This methodology can also likely be applied to other drug delivery applications in order to mitigate the negative effects of initial bursts. The capillary densities achieved in VEGF- containing layers were comparable to previous studies with protracted release of VEGF (18, 20) . Despite the reduction in total active VEGF delivered in the AVA scaffolds, the resulting vessel densities and perfusion in the scaffold and in the underlying muscles were not statistically different from those of the scaffolds delivering VEGF only. The AVA scaffolds also showed moderate improvement in preventing necrosis compared to VEGF only and BVB. The free-VEGF concentration in the V and BVB scaffolds likely was an oversaturating dose, or the excessive VEGF created nonproductive vasculature in these conditions (9, 10, 34) . Another possibility is that the lowered microenvironmental VEGF concentration in the AVA condition resulted in more structurally effective blood vessels in the central layer that compensated for the reduced blood vessel densities in the two side layers.
Aside from a reduction in the concentration of the free activator, VEGF, the initial spatial separation of the inhibitor and activator lead to a spatially sharp and restricted angiogenic region. This methodology mimics developmental processes in nature that use opposing factors as a method of control. Reaction-diffusion mechanisms involving an inhibitor and an activator manifest in murine interfollicular patterns, angelfish skin patterns, and avian feather size and spacing (35) (36) (37) . The polymer system described in the present paper is also robust against fluctuations in angiogenic VEGF threshold and initial encapsulated mass. Similarly, natural processes employ mechanisms to enhance the robustness of morphogen gradients against fluctuations in gene dosage or environmental conditions (38) . These mechanisms include self-enhanced degradation (39) , complexes with restricted diffusion (40) , feedback (41), or their combination. In the polymeric system described, since VEGF and anti-VEGF have a canceling effect, increased doses in both of these proteins will likely not affect the width of the APR. In order to alter the width of the APR, VEGF and anti-VEGF doses are expected to be inversely adjusted.
Many researchers have proposed the delivery of multiple agents with different release methodologies in order to address complex biological events (1, 42, 43) . This study achieves spatial restriction and temporal stability of an active concentration profile of a drug by simultaneously delivering a direct inhibitor.
Supporting Information
Yuen et al. 10 .1073/pnas.1001192107 SI Text Detailed Protocols. Cell culture and in vitro sprouting assay. Human microvascular endothelial cells (HMVECs) were purchased from Lonza (CC-2543) and cultured to confluence at 37°C and 5% CO 2 in EGM-2MV medium (Lonza) containing all supplements. Angiogenic activity of endothelial cells was assessed using a modification of a widely used in vitro sprouting assay (1) . Briefly, dextran beads microcarriers (Cytodex 3) with a dry weight of 50 mg were hydrated in PBS and autoclaved. The microcarriers were washed in EGM-2MV medium and seeded with 3 × 10 6 HMVECs in a spinner flask. The microcarriers were stirred for 2 min out of 30 min for a total of 3 h at 37°C incubation. After 4 h, the beads and cells mixture were continuously stirred and incubated for an additional 20 h. The cell-coated beads were then seeded in fibrin gel in a 24-well plate. The composition of the fibrin gel in each well was 0.682 mg fibrinogen (Sigma, T3879), 11.4-μg aprotinin (Sigma, A4529), 0.455 U thrombin (Sigma, T6884) in 393 μL of PBS and 57 μL of EGM2-MV. Media were changed every 24 h, and the cells were allowed to sprout from beads into surrounding gel over 4 d.
Scaffold Fabrication. Poly(lactic-co-glycolic) (PLG) microspheres (diameter ¼ 5-100 μm), prepared by standard double emulsion, were mixed with lyophilized proteins, sodium chloride, and 5% alginate by mass. The mixture was compressed into discs and equilibrated with high-pressure carbon dioxide. When the pressure was released, PLG particles expanded into spaces between salt particles and fused, entrapping the lyophilized proteins and salt. Salt particles were removed by leaching with a 100-mM CaCl 2 solution to generate porous scaffolds. The VEGF-A isoform VEGF ð165Þ (Biological Resources Branch of the National Cancer Institute) was used throughout these studies.
Analysis of Vascularization. Scaffolds and surrounding muscles were retrieved and fixed in Z fix (Anatech) overnight and changed into 70% EtOH for storage prior to histologic processing. Sections were immunostained with a monoclonal antibody raised against mouse CD31 (diluted 1∶250) (Pharmingen) with the Tyramide Signal Amplification (TSA) Biotin System (PerkinElmer Life Sciences). Briefly, deparaffinized sections were rehydrated, blocked for endogenous peroxidase activity and nonspecific interactions, and incubated overnight at 4°C with the primary CD31 antibody. Sections were then incubated with a biotinylated anti-rat IgG (Vector Laboratories), followed by application of a tertiary TSA strepavidin antibody and a TSA biotinyl tyramide amplification. This was followed by reapplication of the tertiary antibody. The samples were stained using 3,3′ Diaminobenzidine substrate chromogen (DAKO) and counterstained with hematoxylin.
Sections from each sample were visualized at 10× and 20× objective magnifications with a Nikon light microscope connected to a SPOT digital image capture system (Diagnostic Instruments). Images were taken of entire sections at 20× objective magnification and merged into a complete image of the section using Photomerge command of Photoshop Creative Suite 3 (Adobe Systems). . During implantation, the central V layer was placed directly on top of the severed femoral artery and vein. When tissues were extracted, the sutures marking the ligation sites remained intact. The area adjacent to the V layer of the multilayer scaffold was the section cut directly along the line between the two sutures (C and D). The tissue areas adjacent to the side layers (A and B and E and F) were 1 mm away from C and D. . Quantification and distribution of hind-limb ischemia severity observed in different experimental groups over time. Severity of necrosis was grouped as zero to one necrotic toe (white), two to four necrotic toes (gray), and five necrotic toes to necrotic foot (black).
